Pentameric ligand-gated ion channels (pLGICs) of the Cys-loop superfamily are important neuroreceptors that mediate fast synaptic transmission. They are activated by the binding of a neurotransmitter, but the details of this process are still not fully understood. As a prototypical pLGIC, here we choose the insect resistance to dieldrin (RDL) receptor, involved in the resistance to insecticides, and investigate the binding of the neurotransmitter GABA to its extracellular domain at the atomistic level. We achieve this by means of µ-sec funnel-metadynamics simulations, which efficiently enhance the sampling of bound and unbound states by using a * To whom correspondence should be addressed † Department of Physics, King's College London ‡ Universitá della Svizzera Italiana (USI) ¶ University of Naples "Federico II" 1 arXiv:1604.03409v2 [q-bio.BM] 27 May 2016 funnel-shaped restraining potential to limit the exploration in the solvent. We reveal the sequence of events in the binding process, from the capture of GABA from the solvent to its pinning between the charged residues Arg111 and Glu204 in the binding pocket. We characterize the associated free energy landscapes in the wild-type RDL receptor and in two mutant forms, where the key residues Arg111 and Glu204 are mutated to Ala. Experimentally these mutations produce non-functional channels, which is reflected in the reduced ligand binding affinities, due to the loss of essential interactions. We also analyze the dynamical behaviour of the crucial loop C, whose opening allows the access of GABA to the binding site, while its closure locks the ligand into the protein. The RDL receptor shares structural and functional features with other pLGICs, hence our work outlines a valuable protocol to study the binding of ligands to pLGICs beyond conventional docking and molecular dynamics techniques.
Introduction
Pentameric ligand-gated ion channels (pLGICs) are important neuroreceptors involved in fast synaptic communication and many neurological disorders. 1 They are targets for drugs and, in invertebrates, for insecticides. They are membrane proteins, composed of five subunits arranged around an ion permeable channel, with an extracellular domain (ECD), a transmembrane domain (TMD) spanning the cell membrane and, often, an intracellular domain (ICD). The channel opens in response to the binding of a neurotransmitter at the interface between subunits in the ECD.
However a detailed picture at the atomistic level of the activation mechanisms is still missing, due to the complexity of the systems and the limited experimental information.
Computational studies complement the picture coming from experiments. Spectroscopic techniques and/or homology modelling provide the atomistic structure of these receptors' ECD, which contains the relevant region for ligand binding. This information has been used in docking and molecular dynamics (MD) calculations to study the binding modes of ligands to pLGICs. Unfortunately, the approximate description of ligand/protein interactions by docking algorithms and the limited timescale of MD simulations allow only a partial understanding of the binding process. A 2 comprehensive elucidation of the activation mechanisms in pLGICs needs detailed information of the ligand binding steps and an accurate description of the free energy landscape, which remain elusive to standard simulation techniques and require the use of more sophisticated calculations. 2 Here we use the well-tempered metadynamics method, 3 which facilitates the sampling through the introduction of a history dependent bias potential. Such a repulsive potential is built as a sum of Gaussians deposited along the trajectory of carefully selected slowly varying degrees of freedom, named collective variables (CVs). Its role is to discourage the system to return to already visited regions in the CVs space. This allows to greatly improve the exploration of the phase space and, once the exploration is complete, to efficiently reconstruct the free energy landscape as a function of the CVs using the added bias. Metadynamics has been used to successfully investigate numerous problems in biology, chemistry and material sciences. [4] [5] [6] [7] [8] [9] However, its application to estimate binding free energies is far from trivial. For this goal, the observation of a statistically significant number of forth-back events between the ligand bound and unbound states is necessary.
Within the metadynamics scheme, while a ligand can be easily driven out of its protein binding site, the huge number of unbound conformations in the solvent dramatically decreases the probability to observe a binding event in a reasonable computational time. A simple and elegant solution to this problem is the introduction of a funnel-shaped restraining potential to limit the exploration of the solvated states outside the binding pocket. 10 The funnel is placed onto the system so to include the binding site in the conical section and reduce the solvated region to a narrow cylinder.
In this way, the sampling in the binding site is not affected by the presence of the funnel restraining potential and in this region the simulation proceeds as standard metadynamics. On the other hand, the presence of the cylinder restraint in the unbound region reduces the phase space exploration.
As a result, the number of forth and back events between the bound and the unbound state is greatly enhanced, [10] [11] [12] [13] leading to an accurate description of the binding free energy landscape in an affordable computational time.
In the present work, we apply for the first time this funnel-metadynamics (FM) scheme to investigate the free energy landscape of a neurotransmitter binding to a pLGIC and assess how 3 such a landscape is affected by specific mutations, which experimentally produce non-functional channels. Rationalizing the different binding mechanisms and affinities of a ligand towards the wild-type and mutant forms of its molecular target is, in general, a crucial issue in the chemical and pharmacological industries.
As a prototypical example, we choose the insect resistance to dieldrin (RDL) γ-aminobutyric acid (GABA)-gated pLGIC, from the Cys-loop receptors superfamily. This choice is driven by the wealth of the available experimental information 14, 15 and by our expertise (modelling and MD simulations) on the system. 15, 16 The RDL receptor is involved in the resistance to insecticides (i.e. dieldrin) and is thus a potential target for the rational design of novel insecticides. [17] [18] [19] Most experimental information on GABA binding to the RDL receptor is indirectly inferred from electrophysiology mutagenesis experiments, which identified seven residues as important for ligand binding: Phe146, Glu204, Phe206 and Tyr254 in the principal subunit of the RDL receptor ECD, and Tyr109, Arg111 and Ser176 in the complementary subunit (see Figure Figure 1 ). 15 Our previous atomistic MD simulations showed that the zwitterionic form of GABA interacts with the positively charged Arg111 through its negatively charged carboxylate and with the negatively charged Glu204 through its positively charged amine, which also forms cation-π interactions with the aromatic residues Tyr109, Tyr254 and Phe206. 16, 20 These results are consistent with the experimental data showing that mutations of the Arg111 and Glu204 to Ala produced non-functional receptors. 15 However, due to the limited timescale of those simulations, the binding mechanism of GABA to the RDL receptor and a reliable estimate of the ligand binding free energy landscape could not be provided.
Here, we complete the picture stemming from experiments and previous simulations of the binding process of GABA to the RDL receptor and its non-functional Arg11Ala and Glu204Ala mutants. With µ-sec FM simulations, we reproduce a large number of binding and unbinding events that lead to a quantitatively well-characterized free energy landscape and accurate estimate of the ligand binding free energy. Furthermore, we provide structural insights into the ligand binding mechanism with atomistic resolution, identifying crucial protein motions like the dynamics of loop C (highlighted in Figure Figure 1 ), which partially protects the binding site from the solvent and is expected to play an important role in the activation processes of Cys-loop receptors. [21] [22] [23] Since the RDL receptor is structurally similar to other pLGICs, our work represents a point of reference for further investigations of the binding of neurotransmitters and ligands to pLGICs beyond conventional docking and MD-based techniques.
Methods
The extracellular domain of the homopentameric RDL receptor is built with the software MOD-ELLER 9.8 24 by homology with the x-ray structure of the GluCl receptor, 25 with which it shares 38% of sequence identity. 15, 16 The zwitterionic form of GABA is docked in it with the software GOLD 26 and the guide of mutagenesis experiments (model RDL-GluCl-2b in Ref. 16 ); the initial docking pose is not crucial for the metadynamics simulations. We have previously extensively tested this model, also in comparison to others; we select it for this work for its stability and binding features consistent with experiments. We concentrate on the binding and unbinding of a single ligand; MD simulations with one or five ligands did not provide significant differences in the binding features. 16 We simulate the ECDs of the wild-type RDL receptor and of the Arg111Ala and Glu204Ala mutants. In our models, as in previous work, we do not include the TMD and lipid membrane since they do not play an active role during the binding process: the binding pocket is far away from them and the slow conformational changes initiated by neurotransmitter binding and then transmitted to the TMD are not sampled in these simulations. Models with only the ECD are commonly used to study the binding process in ligand-gated ion channels, 15, 16, 27 also due to the limited structural information for the complete receptors. The reduced models allow us to afford longer time scales while retaining all the important features for the GABA binding process. The C α s of the five terminal residues of each subunit are restrained to mimic the effect of the TMD at the interface with the ECD.
Following a similar protocol to Ref. 16 , we prepare the system with a 12 Å buffer of TIP3P 5 waters and 0.15 M (NaCl) salinity to reproduce physiological conditions in a periodically repeated truncated octahedral supercell; counter ions are added to neutralise the total charge. The solvated model contains about 83,000 atoms. The AMBER FF12SB 28 force field is used; this is an improved force field with respect to the FF2003 we previously employed. 16, 27 Moreover, with respect to the widely used FF99SB-ildn which we also tested, it provides a better description on long time scales of loop C, which is critical for the binding process. Restrained ESP charges are calculated for GABA at the Hartree Fock level of theory, with a 6-31G* basis set, on the molecular geometry optimised with density functional theory and the B3LYP exchange and correlation functional using Gaussian 09 29 and AmberTools. 28 All metadynamics simulations are run with NAMD 2.9 30 patched with the PLUMED 1.3 metadynamics plug-in. 31 To enforce ambient conditions (T=300 A number of exploratory metadynamics simulations are first performed without the restraining funnel potential to get an idea of the preferred path for unbinding with statistical significance.
Gaussians with a height of 0.4 kJ/mol and a width of 0.15 Å are deposited every 2 ps along the trajectory of the selected CV: the distance between the center of mass of GABA and the center of mass of the C α s of the seven residues identified by experiments as important for binding. This procedure allows us to study the behaviour of the secondary structures surrounding the binding site upon unbinding. We observe that loop C is able to open and close quickly enough following the passage of the ligand, when described with the FF12SB force field; thus it does not represent an obstacle to the binding of the ligand and does not require a specific CV to describe its motion.
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The information gathered from these preliminary runs allows us to position the funnel-shaped restraining potential for GABA center of mass in a meaningful way as shown in Figure Figure 1 Gaussians are deposited every 2 ps, under the well-tempered regime. 3 The initial height is 2.0 kJ/mol, the target temperature 300 K and the bias factor 15; the simulations are carried out in the NVT ensemble starting with the average volume obtained in the equilibrated MD. The calculations are considered converged when a statistically significant number of re-crossing events between the bound and unbound states, defined as those conformations contained in the cylindrical section of the funnel potential, have been observed and the difference in free energy between these (bound and unbound) states oscillates around a constant value. In the wild-type receptor the metadynamics simulation are carried out for 1.25 µs. The same protocol is then applied to the two Arg111Ala and Glu204Ala mutants, with the goal to compare the resulting free energy landscapes. The metadynamics simulations are carried out for 0.75 µs for the Arg111Ala RDL receptor and for 0.95 µs for the Glu204Ala RDL receptor, where the binding is weaker and the ligand more likely to exit. The free energy landscapes and binding free energies are averaged over the last 0.25 µs in all models, to reduce the metadynamics error and increase the accuracy of the reconstructed profiles. 4, 33 Binding affinities are evaluated following the approach described in Ref., 10 which accounts for the effects of the cylindrical restraint on the solvated states.
Results and Discussion
During the metadynamics simulations we monitor the conformational stability of the RDL receptor models by calculating the RMSD of the secondary structure backbone atoms with respect to the corresponding initial minimized structures. The average RMSD is 2.3±0.2 Å for the wild-type RDL receptor, 2.6±0.2 Å for the Arg111Ala mutant and 2.6±0.1 Å for the Glu204Ala mutant.
Hence the overall structure of the receptor is preserved throughout the µ-sec long simulations, during which the loops and the binding site residues show the necessary flexibility to allow the binding and unbinding of the neurotransmitter.
In the free energy surfaces (FESs) as a function of the biased CVs in Figure Figure 2 a) it is clear that the selected mutations induce drastic changes in the free energy landscape. This is even 8 more evident in the one-dimensional free energy profiles projected onto the funnel axis in Figure   Figure 2 b): an energetically favourable bound state for GABA is present only in the wild-type
receptor, which we first analyze in the following.
In the wild-type receptor the lowest free energy pose corresponds to the minimum free energy basin A in the FES of Figure Figure 2 at z 0 Å and 0 < d < 2 Å and to the global minimum at z 0 Å in the one-dimensional free energy profile. Panel c) in Figure Figure 2 shows the evolution of the projection of the center of mass of GABA onto the funnel axis during the FM simulation.
Several binding (z < 5 Å) and unbinding events are reproduced, ensuring an exhaustive exploration of the phase space and a quantitatively well-characterized FES. The absolute ligand binding affinity is estimated by computing the free energy difference between the bound state in basin A and the isoenergetic states in the unbound region (with z > 20 Å). The calculated value is −29.7 ± 2.9 kJ/mol. However, the free energy of the unbound states has to be corrected to remove the effects of the restraining potential 10 (which does not affect the free energy of the bound state), reducing the true binding affinity to −14.4 ± 2.9 kJ/mol. The entity of the correction to the unbound states due to the cylindrical part of the funnel potential is shown in Figure Figure 2 
b).
To provide further structural details on the ligand binding, we remap the FESs as a function of different CVs with respect to those originally biased in the FM simulations, using a reweighting algorithm. 32 In Figure Figure 3 Figure Figure 4 , where z and x are the axes of the funnel and of the channel respectively. Here the two minima A 1 and A 2 have coordinates x −1 Å, y −2 Å, z 4 Å and x 0 Å, y 0 Å, z 4 Å respectively. As seen in Figure Figure 2 , Figure Figure 3 and Figure Figure 4 , the details of the basins, transition states and barriers may depend on the choice of the CVs used to represent the FES.
We perform a conformational cluster analysis of the poses representing the two minimal free energy basins A 1 and A 2 . In A 1 , the most populated family corresponds to the binding mode where GABA forms strong direct hydrogen bonds with both Arg111 and Glu204 as in Figure Figure 4 . Specifically, the negatively charged carboxylate moiety of GABA forms salt bridges with Arg111 in loop D and interacts through multiple hydrogen bonds with Ser176 in loop E and Thr251 in loop C. The latter loop is conformationally rather flexible during the simulation, allowing the access and the exit of the ligand to and from the binding pocket through its closure and opening motion.
GABA amine is bound, through hydrogen bonds, to the residues of loop B Glu204 and Ser205, and can also form hydrogen bonds with the hydroxyl groups of Tyr109 in loop D and Tyr254 in loop C. The amine is buried in an aromatic cage formed by these two tyrosines and Phe206 in loop B with which it forms cation-π interactions. Consistently with this picture, in Figure Figure 3 The A 2 basin is observed at CV Arg111 7 Å and CV Glu204 8 Å in Figure Figure 3 (b) . The cluster analysis of the poses corresponding to this basin shows, in the most populated family, GABA bound to the residues of the complementary unit, i.e. Arg111, Ser176, and to Thr251 in loop C. Similarly to pose A 1 , GABA amine group is held in place by cation-π interactions with residues of the aromatic cage formed by Tyr109, Tyr254 and Phe360 and by hydrogen bonds with the hydroxyl group of the two tyrosines and Ser205. However, at variance from A 1 , in this basin the interaction with Glu204 is typically mediated by a water molecule present in the binding site and coloured in green in Figure Figure 4 . As a consequence, GABA assumes a slightly different position within the binding pocket with respect to the A 1 basin, which allows the concurrent pres-ence of a water molecule without altering the main interactions formed by the ligand with both subunits. Our results highlight the key role played by waters during the binding process, confirming the necessity of explicitly including water molecules in the simulations. Water mediated interactions have been suggested for other Cys-loop receptors and analogous systems. 34, 35 In this representation the difference in free energy between the two minima is 1 kJ/mol, with the A 1 minimum slightly favoured; the two states are easily interchangeable at physiological conditions. A shallow energy minimum, B, is found in the FES in Figure Figure 2 This minimum represents a pre-binding pose, as also suggested by the one-dimensional free energy profile in Figure Figure 2 . We stress that this free energy minimum is fully within the cone section of the funnel, where no external potential is applied to the system and therefore it is not an artifact.
The conformational cluster analysis of the poses populating this basin shows a number of different states where GABA is almost out of the binding site, but still able to interact with the receptor through its carboxylate moiety. Here the GABA carboxylate group forms hydrogen bonds with Arg111, whose side chain is tilted outward with respect to the channel axis, and Arg218, while its amine group points towards the solvent. As it can be seen in the left bottom panel of Figure   Figure The sequence of the events characterizing the binding path of GABA is shown in Figure Fig Upon the ligand passage, the loops closes, dragged by the ligand contact with Thr251, while the GABA amine moiety is positioned so to optimally interact with Glu204, through either direct or water-mediated hydrogen bonds, and with the surrounding aromatic residues, through cation-π interactions.
The conformational changes of loop C play a key role also in the unbinding of the ligand from the binding site. In fact, the opening of loop C favours the release of GABA followed by a partial reclosure of the loop after the ligand unbinding. This mechanism is clearly demonstrated by the time evolution of the angle (θ loopC ) defined by the axis of loop C and of the RMSD of the 246-255 residues C α s (around the apex of loop C) at the start and during the simulation. Their running averages over subsets of one thousand points and the corresponding standard deviations are shown in Figure Figure 6 We now analyze the effects of two key mutations Arg111Ala and Glu204Ala on the binding of GABA to the RDL receptor.
For the Arg111Ala-mutated RDL receptor, a few shallow minima appear in the region 0 < z < 12 Å and 0 < d < 5 Å of the FES and in the corresponding one-dimensional free energy profile in Figure Figure 2 . The lower depth of these minima with respect to those of the wildtype receptor is also evident in the FES representation of Figure Figure 3 (a and c) . No deep free energy minimum is present, thus suggesting a poor affinity of GABA for this mutant form. When considering the entropic cost of using the funnel potential, these data are consistent with weak or no binding in agreement with mutagenesis experiments which recorded non-responsive channels. 15, 36 From the trajectory analysis, we observe that, when the ligand approaches to the Arg111Ala-mutated RDL receptor, the first point of interaction is still Arg218, but the absence of Arg111 prevents GABA from optimally entering the binding pocket and forming strong interactions with its residues. Nevertheless, the ligand manages to form hydrogen bonds through its carboxylate group with the hydroxyl group of Thr88, and through its amine group with Thr250 and Thr251 in loop C, but no cation-π interactions. These interactions give rise to the shallow minimum at 5 < z < 12 Å in the FES of Figure Figure 2 . Another shallow energy minimum is found around z 1.5 Å and d 3.0 Å. Here GABA is closer to the wild-type binding site, but the reduced and weaker interactions with the protein makes this state less stable than the corresponding pose in the wild-type receptor. In this basin, Glu204 represents the anchor point of GABA in the principal subunit, where the amine group forms cation-π interactions with Phe206 and Tyr254. The latter is also able to engage in sporadic hydrogen bonding with the ligand. In the complementary subunit, Ser176 and Tyr109 interact with the GABA carboxylate, but these residues are farther apart from Figure Figure 2 shows no energy minimum around z 0 Å and d 0.5 Å, thus indicating that in this form GABA is not able to bind in the binding pocket identified in the wild-type. A wide shallow free energy basin is observed at 3.0 < z < 7.5 Å in Figure Figure 2 and its depth is consistent with very weak or no binding. In this basin the GABA carboxylate is bound to the residues of the complementary subunit Arg111 and Arg218, while the amine group does not form any persistent interaction. The ligand forms hydrogen bonds in the principal subunit with Thr251 in loop C and less frequently with Tyr254. In all these states GABA remains outside the binding pocket identified in the wild-type receptor and does not form any cation-π interaction. These data suggest that Glu204 is crucial to pin the GABA amine group in the most appropriate position to engage in the cation-π interactions typical of Cys-loop pLGICs.
Conclusion
We have applied the enhanced sampling method funnel-metadynamics to investigate the binding mechanism of the neurotransmitter GABA to the wild-type and the most relevant mutant forms of the insect RDL receptor, a prototypical pLGIC. This method allows us to overcome the limitations of conventional docking and MD-based techniques by restricting the exploration of the unbound region so to sample a large number of binding and unbinding events within an affordable computational time. This leads to a quantitatively well-characterized binding free energy landscape, an accurate estimate of the ligand binding affinity and a detailed description of the atomistic interactions formed by GABA with the RDL receptor in the binding process. We disclose the sequence of events that lead GABA to its optimal binding pose in the RDL receptor, starting with the capture from the solvent of its negatively charged carboxylate group by Arg218, followed by the establishment of the crucial interaction with Arg111. Once the carboxylate group is bound to the receptor through Arg111, the positively charged amine group is able to engage with Glu204 by means of a direct or water-mediated hydrogen bond, and with the surrounding aromatic residues through cation-π interactions. Similar interaction patterns are found in other pLGICs. In our simulations the protein is fully flexible and the waters explicitly represented, allowing us to investigate the role played by the protein motion and the solvent during GABA binding. In particular, we highlight the functional conformational changes of loop C, which actively participates in the binding process by opening when the ligand approaches the protein and closing after the binding: this mechanism locks the ligand in the competent binding conformation for the activation of the neuroreceptor.
Simulations on the non-functional Arg111Ala and Glu204Ala mutant forms demonstrate how both mutations alter crucial ligand-protein interactions necessary for the binding to the wild-type receptor, resulting in significant changes in the free energy landscapes and the ligand binding mechanisms. These changes explain the inactivity of the channel in the mutant forms, in agreement with experimental findings. 15, 36 Specifically, the mutation Arg111Ala affects the first stages of ligand binding, preventing GABA from finding a stable anchor point in the complementary subunit and entering the binding pocket with optimal orientation. While alternative interactions with residues of the complementary subunit are observed, they are not sufficient for a stable binding across the two subunits. This results in very weak or no binding to the receptor as demonstrated by the free energy landscape and the available experimental data. In the Glu204Ala mutant form, GABA is able to initially follow the sequence of binding events found in the wild-type RDL receptor, including the interactions with Arg218 and Arg111. However the absence of the negatively charged Glu204, which anchors the GABA amine group in the wild-type receptor, prevents the completion of the binding process. As a consequence, the neurotransmitter interacts through its carboxylate with Arg111 and the nearby residues of the complementary subunit, while its amine remains unbound without finding suitable interaction partners.
The possibility of cooperative binding to some or all the five subunit interfaces in the RDL receptor ECD is not accounted for in our work, where the binding of a single ligand to one interface is investigated. In fact the binding of two or three ligands may be necessary to activate pLGICs. 37, 38 A cooperative binding mechanism may result into an additive effect for the ligand binding free energy evaluated for each subunit and potential allosteric effects among the subunits that could be worth investigating in the future. This study represents the first example where the power of funnel-metadynamics simulations is exploited to explore the different binding mechanisms of a ligand towards the wild-type and mutant forms of its molecular target. The wealth and accuracy of structural and free energy information provided by our investigation are fundamental to complement and interpret the available experimental data. Similar simulation protocols may be applied to other pLGICs, whose structures have been recently experimentally resolved, 25, 39, 40 and that shares structural and functional features with the RDL receptor. The growing availability of structural information from experiments and the improvement and reliability of computational methods like funnel-metadynamics with respect to conventional MD make these studies timely, since they have the potential to greatly contribute to the detailed understanding of the activation mechanisms of complex and important neuroreceptors. 
